centration was found in patients with schizophrenia. However, given the small sample size and methodological differences among studies, this result is not conclusive. More comprehensive research is needed to understand the relationship between glutamate levels in schizophrenia in the blood and the brain.
Introduction
Glutamate is the major excitatory amino acid in the mammalian central nervous system (CNS), and it is involved in most brain functions [1] . Glutamate can have a number of postsynaptic effects, which are mediated by postsynaptic receptors such as alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) and N-methyl-D -aspartate (NMDA). AMPA receptors play a primary role in generating excitatory postsynaptic currents and are responsible for triggering action potentials, whereas the NMDA receptor plays a critical role in synaptic plasticity [2] . The NMDA receptor is ubiquitous through the central and peripheral nervous systems [3] . It can also contribute to excitatory postsynaptic currents and dendritic spikes [2] .
According to the glutamatergic hypothesis of schizophrenia, the symptoms in schizophrenia are caused by a disruption in the glutamate neurotransmitter system. NMDA receptor antagonists such as ketamine are known to create symptoms similar to psychosis in healthy controls and to exacerbate positive, negative and cognitive symptoms in schizophrenia [3] .
The glutamatergic hypothesis in schizophrenia has been investigated for many decades. Kim et al. [4] were among the first to investigate the glutamatergic hypothesis of schizophrenia when they reported significantly lower glutamate levels in the cerebrospinal fluid (CSF) of patients with schizophrenia than in that of healthy controls. However, later studies on blood glutamate concentrations in schizophrenia have yielded inconsistent results.
Furthermore, proton magnetic resonance spectroscopy (H-MRS) studies have found selective disturbances in the brain in schizophrenia such as higher glutamate levels in the anterior cingulate cortex (ACC) related to positive symptoms and in the parietal occipital cortex related to positive and cognitive symptoms [3, 4] . Disturbances have also been found in NMDA receptor functioning in some studies, where it was found that schizophrenia patients with higher symptom severity or who were more resistant to treatment had higher and glutamate (Glx) levels than healthy controls [5, 6] . Thus, glutamate levels may be useful for identifying potential treatment-resistant patients.
The blood-brain barrier promotes the removal of glutamate from the brain into the blood; thus very little net entry of glutamate into the brain occurs [7] . However, glutamate that exits the brain contributes significantly to the glutamate level in the blood [7] . Glutamine is a precursor to glutamate when it is partially metabolized into NH 4+ and glutamate at the blood brain barrier [7] . Hashimoto et al. [8] found that the glutamine/glutamate ratio was significantly elevated in the CSF of patients with schizophrenia [8] . A recent meta-analysis suggested that there may be an increased level of glutamatergic activity or an abnormality in the conversion between glutamate and glutamine in patients with schizophrenia [9] .
Existing medications for the treatment of schizophrenia target positive symptoms and are ineffective for negative symptoms and cognitive deficits, leaving these symptom clusters largely untreated [10] . Recent research attempting to develop novel medications has turned to glutamatergic signaling pathways to find effective treatments for all three symptom clusters [10] . Furthermore, studies have suggested that blood glutamate concentrations may be connected with the clinical course of schizophrenia [11] [12] [13] . It has been reported that switching from conventional neuroleptics to clozapine or olanzapine significantly increased peripheral glutamate concentrations in patients [14, 15] .
Peripheral glutamate levels may potentially serve as a biomarker in schizophrenia, which is more accessible and less costly compared to MRS. Examining disturbances in peripheral glutamate levels in schizophrenia patients could also bring insight into the course and etiology of the illness. As the results of previous studies have been inconsistent, the aim of this meta-analysis was to clarify whether peripheral glutamate levels differ between patients with schizophrenia and healthy controls.
Subjects and Methods

Literature Search
Electronic searches were done using the MEDLINE, PubMed and PsycINFO databases. Additionally, the references of relevant papers were searched manually. MEDLINE was searched up to April 2013 with the Ovid MeSH keywords 'schizophrenia' and 'glutamic acid' with the subheading 'blood' in combination with schizophrenia or glutamic acid. PubMed was searched with the keywords 'schizophrenia', 'glutamic acid' or 'glutamate', and 'blood' for any articles that were not available on MEDLINE. PsycINFO was searched up to April 2013 using the Ovid MeSH keywords 'schizophrenia' and 'glutamic acid'. The MeSH keyword 'glutamic acid' included the synonym 'glutamate'.
Inclusion Criteria
We included only articles that met the following criteria: (1) case-control study design; (2) measurement of serum or plasma glutamate in healthy controls and schizophrenia patients; (3) description of mean glutamate concentrations and their standard deviation (SD) or standard error of the mean (SEM), and (4) studies written in English.
For each included study, we collected the following information: author, year, study title, sample size, basal mean glutamate concentrations, SD or SEM of mean concentrations, component of blood from which the measurement was taken, the method of measuring glutamate concentrations, age, gender ratio, medication of patients, ethnicity, and diagnostic criteria. Only the basal glutamate concentrations from longitudinal studies were used for the purposes of this meta-analysis.
Statistical Analysis
There were two papers that divided control and case groups into subgroups; one paper separated the controls and patients by gender [16] . The means of the two control groups in the study of Tomiya et al. [16] were combined to calculate the mean of a single control group. Another paper used only one control group but separated patients into three groups: a drug-naïve group with patients who had never taken antipsychotics, a drug-free group with patients who went through a washout period and a neuroleptic group with patients who were taking neuroleptics [17] . These three groups were also combined into one group and the group mean and variance were calculated. The variance for each of the two studies was calculated using the formula:
where n was the sample size, s was the variance, and k was the number of variances being combined [18] . All concentrations were converted to the unit micromole/liter and SEM values were converted to SD values using the formula: SD = SEM × √ n, where n was the sample size. The overall standardized mean difference (SMD) between cases and controls was calculated under a random model. The heterogeneity among studies was calculated and a funnel plot and the Egger regression test were used to detect publication bias. Metaregression analysis was performed on age, gender, medication (medicated or nonmedicated), sample (serum or plasma), ethnicity (white European or other), the method of measurement of glutamate concentrations (high-performance liquid chromatography, HPLC, ion exchange column chromatography, or fluorometric assay, FA), and whether participants were fasting before samples were taken. Due to the relatively high numbers obtained in 1 study [19] , the meta-analysis was repeated with this study excluded.
In order to further control for possible effects of medication on glutamate levels, further analyses were done by excluding studies with drug-naïve patients or studies with only patients who were taking medication. Finally, to control for effects of the method of measurement on results, a meta-analysis was run on studies using HPLC to measure glutamate levels. p values smaller than 0.05 were considered significant. All statistical analyses were carried out using the metan package on STATA version 11.2.
Results
Overall, 27 articles were found in MEDLINE, 136 in PubMed and 335 in PsycINFO. A total of 20 studies on peripheral glutamate levels in schizophrenia were identified. Of these, three studies were excluded because healthy controls were not included in the study design [13, 14, 20] , three studies were excluded because mean glutamate levels were not reported [14, 21, 22] and a further three studies were excluded because measurements were taken from the CSF rather than the blood [8, 15, 23] . In addition, one study was excluded because the full text of the paper could not be accessed [24] . Finally, ten studies met the inclusion criteria for a total of 320 schizophrenia patients and 294 healthy controls. The authors of one study were contacted; however, they were unable to provide further information. Table 1 summarizes the details for the inclusion and exclusion of papers. [4] 1980 include Kim et al. [22] 1982 exclude: did not report schizophrenia patients Bjerkenstedt et al. [20] 1985 exclude: did not report glutamate levels Macciardi et al. [19] 1990 include Rao et al. [17] 1990 include Altamura et al. [35] 1993 include Evins et al. [14] 1997 exclude: no control group Tortorella et al. [26] 2001 include Goff et al. [15] 2002 exclude: sample not blood van der Heijden et al. [36] 2004 include Alfredsson and Wiesel [11] 1989 include Hashimoto et al. [8] 2005 exclude: sample not blood Morshed et al. [24] 2005 exclude: could not access full text Palomino et al. [25] 2007 include Bendikov et al. [23] 2007 exclude: sample not blood Maeshima et al. [13] 2007 exclude: no control group Tomiya et al. [16] 2007 include Cai et al. [12] 2010 exclude: did not report glutamate levels He et al. [39] 2012 exclude: did not report glutamate levels Ohnuma et al. [21] 2012 Of note, the study of Tomiya et al. [16] reported glutamate levels in males and females separately. To further understand the source of heterogeneity in our studies, we analyzed males and females of this study as two individual samples. We also combined the males and females into one sample, as described in Methods. We found significant heterogeneity among studies in both cases, i.e. when we considered the males and females as separate samples (Q = 48.02, d.f. = 10, p < 0.001) as well as when we combined the males and females of the study into one sample (Q = 45.07, d.f. = 9, p < 0.001). The random effects model meta-analysis ( fig. 1 ) revealed significantly higher levels of glutamate in patients with schizophrenia than in healthy controls in both models, i.e. where males and females were separate samples (SMD = 0.652, d.f. = 10, p = 0.001) and when they were a combined sample (SMD = 0.635, d.f. = 9, 95% CI = 0.20-1.06, p = 0.004). The fixed effects model meta-analysis confirmed this result (p < 0.001).
We tested the publication bias to see whether smaller studies were showing higher differences and larger studies showing smaller differences. There was no evidence that publication bias was present in our sample. The funnel plot, as shown in figure 2 , was symmetrical and the Egger test, graphed in figure 3 , was not significant (intercept = 0.40, p = 0.806, 95% CI = -3.28 to 4.09), confirming that significant publication bias was not present.
Metaregression analysis was performed to control for covariates, the results of which are summarized in table 2 . The metaregressions revealed no significant association between differences in glutamate levels and age (SE = 0.09, d.f. = 4, p = 0.67), gender (SE = 0.02, d.f. = 6, p = 0.95), ethnicity (SE = 0.86, d.f. = 9, p = 0.97), medication (SE = 0.53, d.f. = 9, p = 0.746), sample type (serum versus plasma) (SE = 0.56, d.f. = 9, p = 0.86), and whether patients were fasting (SE = 0.58, d.f. = 9, p = 0.51). However, the method used for measuring glutamate levels was a significant covariate (F = 7.36, p = 0.01). In particular, studies using HPLC produced greater differences between patients and controls. On the other hand, FA produced effect sizes in the opposite direction. After excluding the study by Macciardi et al. [19] , the random effects meta-analysis still revealed a higher serum glutamate concentration in schizophrenia patients than healthy controls (SMD = 0.59, d.f. = 8, 95% CI = 0.10-1.01, p < 0.001). The analysis which excluded studies with drugnaïve patients showed higher glutamate levels in schizophrenia patients than controls (SMD = 0.90, d.f. = 7, 95% CI = 0.51-1.283, p < 0.001). The meta-analysis which excluded studies with patients on medication showed a similar effect (SMD = 0.82, d.f. = 5, 95% CI = 0.04-1.60, p = 0.038). Finally, an analysis was run only on studies using HPLC to measure glutamate levels, which still showed an effect in the same direction (SMD = 1.075, d.f. = 4, 95% CI = 0.66-1.48, p < 0.001).
Discussion
Our results showed a significant difference in peripheral glutamate levels between patients with schizophrenia and healthy controls. Based on the results of the metaregression analysis, this difference in glutamate level seems to be independent from age, gender, medication, and ethnicity of the patients. The reference peripheral glutamate concentration is 50-100 μmol/l [7] . However, in the 10 studies that were included, the ranges for the mean glutamate levels after conversion for controls and patients were 19.5-28,000 and 33.4-57,000 μmol/l, respectively. The results of many studies did not fall within the range of 50-100 μmol/l at all ( table 3 ). It is likely that the study reporting 28,000 and 57,000 μmol/l had a typographical error [19] . However, even after excluding this study, patients still have significantly higher glutamate levels than controls, although the standard mean difference is slightly smaller. Thus, this effect is not due to that aforementioned study, which had the largest effect size in our sample.
In addition, the method of measuring glutamate was a significant covariate in our analysis. The correlation of HPLC with a larger effect size may suggest that HPLC is a more sensitive measure of glutamate concentration in the blood and may account for some of the large variation between studies. The FA method was correlated with an effect size in the opposite direction. The FA method measures the concentration NADPH produced from the oxidation reaction between the enzyme glutamate dehydrogenase and glutamate in the presence of NADP + [25] . It is an indirect measurement of glutamate concentration. The opposite effect sizes may have been confounded by NADPH from other sources apart from the oxidation of glutamate. This correlation could suggest a general disturbance in the glutamatergic system in patients with schizophrenia. HPLC is the more accurate method for determining the concentration of glutamate in the blood. Another possible source of heterogeneity is hemolysis, which may have released glutamate from red blood cells into the sample. Prolonged storage may also result in the 138 enzymatic conversion of glutamine into glutamate, which has been cited as a source of variability in samples [26] . In addition, we found significantly higher peripheral glutamate concentrations in patients with schizophrenia even when the analysis was repeated excluding studies with drug-naïve patients or with patients on medication. This further suggests that this difference is robust despite different effects of medication. Furthermore, the metaregression analysis revealed no evidence for an association between medication and effect size.
However, there is still reason not to overlook the potential effects of antipsychotic medication on peripheral glutamate levels. Previous research using H-MRS has found reduced central glutamate levels in some patients after antipsychotic treatment but not in others [6] . This suggests that there are individual differences in the fluctuation of glutamate levels in response to antipsychotic treatment.
In addition, medications that patients were taking before the washout period may have had an effect on glutamate levels. The length of the washout period may not have been sufficient for the patients to return to baseline. Davis et al. [27] examined the effects of tranylcypromine and L -cysteine on the plasma levels of amino acids in patients with schizophrenia and reported that glutamate concentrations had not returned to baseline 3 weeks after the patients had been taken off the medication, suggesting that washout periods of less than 3 weeks may not be enough time for the effects of the medication to disappear.
Moreover, few studies have examined peripheral glutamate levels in drug-naïve patients. Two studies included in this meta-analysis included drug-naïve patients, but they reported inconsistent results [17, 25] . Thus, in the interpretation of our findings, more research on how the peripheral glutamate levels differ between drug-naïve and medicated patients is required to further understand the relationship and effects of medication differences.
The relationship between central and peripheral glutamate levels is not clear based on the current literature. A study on the correlation between glutamate concentrations measured in the medial prefrontal cortex using MRS and peripheral glutamate levels did not find a correlation between the two [28] . A caveat of the study is that it took measurements from the medial prefrontal cortex, so it is possible that other parts of the brain may contribute to the glutamate levels in the blood. We are not aware of studies comparing glutamate levels in other areas of the brain with peripheral levels. More research is needed to elucidate this relationship. Thus, the difference in glutamate we found may have been due to another factor which differentiates patients of schizophrenia and healthy controls, as discussed below.
The difference in glutamate levels between schizophrenia patients and healthy controls could be an effect of diet. It is known that abnormal amino acid levels are present in patients with schizophrenia [29] . It has been reported that peripheral amino acid levels can inform the CNS about the amino acid content of diet and consequently affect dietary intake [30] . Dietary behavior in pa- tients with schizophrenia may differ from that of controls through mediators in the CNS, which may contribute to the increased peripheral glutamate levels in schizophrenia patients. Indeed, studies have found that the diets of schizophrenia patients are less healthy compared to the general population, consuming less fruit and vegetables or more calories than the general population [31] .
Furthermore, the effect of antipsychotics on feeding behavior in mice has been reported. Clozapine, olanzapine, risperidone, chlorpromazine, haloperidol, and low doses of sulpiride were found to induce increased feeding behavior of palatable foods in female mice [32] . A study on the effect of olanzapine on feeding behavior in mice suggested that olanzapine reduces satiety [33] . A similar effect has been reported in humans. Patients on secondgeneration antipsychotics were found to be more responsive to external cues for eating and they felt less satiated after a meal than patients who were not on second-generation antipsychotics [34] . In this meta-analysis, only four out of the 13 studies put patients on a controlled diet, thus dietary differences between patient and controls groups should be taken into consideration [17, 26, 27, 35] .
A number of papers included in this meta-analysis did not provide some of the demographic data such as the age and gender ratio of the patient and/or control groups ( table 4 ). With this information unavailable, it is difficult to make conclusions about the samples in studies.
As the studies included in this analysis span a long range of time , the diagnostic criteria of schizophrenia have changed over this time, and the differences in criteria could have been a source of heterogeneity between studies. Overall, 3 studies used the diagnostic criteria of the DSM-III-R [11, 19, 35] , 2 studies used the diagnostic criteria of the DSM-IV [25, 36] and 1 study used the diagnostic criteria of the Research Diagnostic Criteria by Schneider [17] . Schneider's Research Diagnostic Criteria is only available in German and could not be reviewed for this analysis; four studies did not report the diagnostic criteria used [4, 16, 26, 27] . The criteria of the DSM-III-R are different from those of the DSM-IV. The DSM-IV includes more negative symptoms and places more emphasis on the chronic nature of schizophrenia than the DSM-III [37] . However, Roberts et al. [38] reported high concordance rates between schizophrenia diagnoses according to the DSM-III-R and the DSM-IV. Thus, the differing diagnostic criteria are not likely to be a factor in the variance. The significant heterogeneity of the studies included in our analysis is in agreement with the heterogeneity found in schizophrenia. This could also be due to the small sample sizes of studies included in this meta-analysis, as shown in table 3 . Particularly, the studies by Davis et al. [27] and Kim et al. [4] had only 2 and 4 patients, respectively. Neither study found differences between patients and controls, so the sample size may have been a factor in masking any differences. In addition, this analysis included only ten studies and the pooled sample size was 294 controls and 320 patients. However, this could also be an indication of a robust effect. A bigger and more comprehensive sample would produce more conclusive findings. 
Conclusion
Our finding that schizophrenia patients have higher peripheral glutamate levels than healthy controls presents further evidence for the involvement of the glutamatergic system in schizophrenia. However, the sample size of this analysis was small, and the methods used to measure glutamate levels varied between studies, which may have had an effect on the results of the studies as revealed by the metaregression analysis. A larger and more comprehensive sample size with more standardized methods of quantification would provide more conclusive results. The effects of antipsychotic medications and the relationship between central and peripheral glutamate levels need further investigation before more definitive conclusions can be drawn. It would be of clinical value to determine whether glutamate can be used as a clinical marker in schizophrenia. However, further research is required with regard to antipsychotic medication and its effects on the glutamatergic signaling system as well as the relationship between central and peripheral glutamate levels.
